cannot be applied. The mechanical response for external loads is then better simulated by instrumented indentation performed on ion beam modified surfaces rather than on cross-sections.
Introduction
AISI 304 and AISI 316 are austenitic stainless steels widely employed in corrosive environments. The main difference between these two steels is with respect to the content of alloying element molybdenum. The amount of Mo in AISI 316 corresponds to about 2% in weight while it is absent in AISI 304.
Nitrogen ion beam based processes such as glow discharge (GD) and plasma immersion ion implantation (PI3) are indicated to improve mechanical, tribological and corrosive resistances of metals alloys [1] [2] [3] [4] [5] [6] [7] [8] . The ion beam nitriding processes promotes the presence of embedded nitride precipitates at the surface. The hardness of the modified layers can reach values up to 15 GPa, while untreated austenitic steels have a hardness of about 2-3 GPa 9 . The modified surface layer thickness, degree of roughness and hardness depend on process parameters (atmosphere composition, working temperature and processing time).
Ion beam nitriding processes often produce a thin modified surface that ranges in thickness from micrometers to tenths of a micrometer 10 . As a consequence, the use of instrumented indentation is indicated to obtain hardness and elastic modulus profiles from nano to microscale. Another point to consider is the graded or depth-dependent stoichiometry of the nitrogen precipitates in the modified layer. Expanded austenite and full-fold nitrogen precipitate stoichiometries can be present. In addition a nitrogen diffusion layer at greater depths is expected. The main effect of this graded surface can be understood by regarding the structure as a hard layer over a soft substrate that influences the measured hardness of the modified layer [11] [12] [13] . It is common in hardness measurements to obtain the values using a cross-section of the modified layer. Consequently, the influence of the substrate is almost absent. For practical applications, however, the surface is always submitted to surface normal and tangential applied loads. Moreover, in thin layers this methodology The phases were identified by X ray diffraction data (XRD) collected at 20° ≤ 2θ < 100° with Cu K α , (λ = 1.5406 Å), 40 kV, 20 mA using step sizes of 0.02° and 5 seconds of counting time. The crystalline planes of phases γ '-Fe 4 N, ε-Fe 2+x N and CrN were indexed using Joint Committee on Powder Diffraction Standards (JCPDS) cards and the Inorganic Crystal Structure Database (ICSD). In particular the γ N -nitrogen expanded austenite was identified using literature data [14] [15] [16] [17] [18] [19] [20] [21] . The structural characterization was performed using the Rietveld method 22 and the crystal structure of each phase was obtained using FullProf-suite software 23 . Peak shape, width (U, V, W) parameters and background were considered. All theses parameters were refined adopting an iterative least-squares approach through minimization of the residual parameter. The peak shape function used in all analysis was the pseudo-Voigt.
Instrumented indentation was employed to obtain hardness and elastic modulus profiles at shallow depths according to the Oliver and Pharr method 13 . The maximum applied loads were 400 mN and the diamond indenter was of the Berkovich type. For deeper hardness profiles, conventional Vickers hardness measurements were performed with loads in the range 0.5 to 5 N. Roughness was analyzed from stylus profilometry performed by the same instrumented indentation device at loads on the order of 300 µN. Nanosctrach tests in ramping loads from 0 to 400 mN following the tip edge direction were performed with the Berkovich tip. The length of the nanoscratch tests was 1 mm. The tip penetration profiles were monitored before, during and after the scratch. The profiles during the loading and the elastic recovery were determined taking into account the original surface topography.
The wear tests (reciprocating sliding) were performed under severe dry conditions at room temperature and ∼50% of humidity. The counter body was a WC (Co) ball (φ = 6 mm) with a load of 5.0 N. The sliding velocity was 1 cm/s, with half-amplitude of 1.0 mm and integrated sliding distance of 9.0 m that corresponds to 2.25 x 10 3 cycles.
Results and Discussion
In the sequence are presented and discussed the results starting by the structural modifications due to nitriding in both steels. Figure 1a -b shows the X ray diffraction patterns for AISI 304 and AISI 316 steels for untreated and nitrided samples. Both untreated steels have the typical austenitic structure identified by JCPDS cards. Lattice parameters of AISI 304 and AISI 316 austenitic phase were respectively: 3.5918(1) Å and 3.5935(1) Å. This phase was present at all nitriding working temperatures, however a reduction of the volume fraction is observed with increasing working temperature. A small amount of α'-martensitic phase induced during the mechanical polishing process was detected in the untreated samples. The presence of this phase was more evident in AISI 304 steel (Figure 1a-b) , which can be attributed to the higher content of Ni in AISI 316. The nitriding at 300 °C produces the γ N -nitrogen expanded austenite as predominant phase in both alloys. This phase presented broad peaks at angles smaller than those for (111)γ and (200) Rietveld refinement was performed for all samples. The results for the different phases, structural planes, lattice parameters and compositions are shown in Tables 1 and 2 . In samples nitrided at 300 °C the expanded austenite was identified in both steels. The nitrogen expanded austenite structure presents a crystallographic structure that is not completely understood. Recent work 24 showed that this phase may be represented by 10 plausible candidate structures (cubic, tetragonal, monoclinic, rhombohedral, triclinic, etc…). The actual presence of these structures depends on a combination of effects such as stacking faults in the fcc lattice, the working temperature and the nitrogen content in the austenite structure. In our Figure 1 . X ray diffractions patterns for samples of AISI 304 (a) and AISI 316, (b) both untreated and nitrided at 300, 400 and 500 °C. (2) 111-200-220-311 ε-Fe 2+x N (0 < x < 1) study, the expanded austenite was considered a cubic structure since this yielded the best fitting, in agreement with literature data [14] [15] . The refinement indicates an expansion on the order of 10% in unit cell volume of the austenitic structure to accommodate the N. Some authors [25] [26] classified the nitrogen-expanded austenite in two types: γ N1 (paramagnetic phase with N contents 20-26 at.% N in the surface layer) and γ N2 (magnetic phase with N contents 4-10 at.% in the subsurface layer). These authors suggested that this structure is formed by stress-induced diffusion. The detected structure can be attributed to γ N1 type with lattice parameters of order to 3.7171(4) Å which is in agreement to with the literature [25] [26] . The structural parameters obtained from analysis of X ray diffraction of samples nitrided at 400 and 500 °C are shown in Tables 1 and 2 . Both steels treated at 400 °C present the ε-Fe 2+x N nitride that has hexagonal structure, with 0 < x < 1, as the predominant phase. The value of x varies with steel composition and working temperature being close to 1. Figure 2 shows the refinement for nitrided samples at 500 °C for both steels that present a coexistence of studied phases. Since a higher number of reflection peaks were observed for ε-Fe 2+x N it is supposed that this phase is predominant in AISI 304 treated at 500 °C, while for AISI 316 the predominant nitride is γ′-Fe 4 N. Figure 3 shows hardness profiles at shallow tip penetrations for untreated steels and for the different nitriding temperatures. Hardness at the near surface region for untreated AISI 304 corresponds to ∼6 GPa while for untreated AISI 316 the hardness is ∼4 GPa. At deeper regions the bulk hardness is reached (∼3.5 GPa for AISI 304 and ∼2 GPa for AISI 316). The greater hardness near the surface is due to the mechanical polishing process that induces plastic deformations that will result in fcc to bcc martensitic transformation.
Structure features

Hardness profiles
The comparison between hardness profiles for the different steels and working temperatures indicates that (a) in both steels after nitriding at 300 °C a very similar thin hard layer with hardness around 12-13 GPa at depths less than 200 nm is formed. At greater depths the hardness rapidly drops to its bulk value. (b) A working temperature of 400 °C promotes thicker hard layers (12-13 GPa). However, for AISI 316 the hardness decreases towards bulk values more suddenly than for AISI 304. (c) Nitriding at 500 °C produces a thick hard plateau-like layer (12-14 GPa) in both alloys. In the case of AISI 316, the hard plateau extends to deeper regions.
Roughness increases with the working temperature in the GD nitriding process. This roughness influences the hardness measurements obtained by instrumented indentation at shallow tip penetration [27] [28] . The low apparent measured instrumented indentation hardness at the near surface region (Figure 3) is attributed then to the roughness. However, after 200 to 300 nm in depth the hardness reaches an asymptotic maximum value. The asymptotic behavior tends to the actual hardness at deeper regions. The dispersion in hardness can be attributed to the presence of different grain orientations and nitride compositions. Figure 4 shows conventional Vickers hardness profiles as a function of applied load for the different working temperatures and steels. The Vickers hardness for the samples nitrided at a working temperature of 300 °C is almost the same as for untreated conditions indicating that the nitrogen diffusion layer is thin. However, for nitriding at 400 °C the Vickers hardness is higher for AISI 304 than for AISI 316, as also observed in the hardness profiles obtained by instrumented indentation (Figure 3) . The nitrided layer in AISI 316 treated at 500 °C has greater hardness (14 GPa) for an applied load of 1N than AISI 304 (9 GPa). Moreover, for the highest applied load (5N) the bulk hardness is not yet reached in AISI 316. In some measurements there is a large dispersion which could be attributed to indentations performed on different nitrided grains.
The nitrogen diffusion in austenitic steels occurs by a trapping and detrapping mechanism driven by chromium sites in the austenitic structure 29 . Consequently, the deep hard layer observed in AISI 316 nitrided at 500 °C, should be attributed to higher nitrogen diffusivity in this alloy than for AISI 304. It can be supposed that the increase in N diffusivity at 500 °C may be induced by the presence of Mo in the AISI 316 alloy that can play a role in the diffusing process, since the Cr content is almost the same in both steels. The structural analysis indicates the predominant nitride is γ´-Fe 4 N for AISI 316, while for AISI 304 the predominant nitride is ε-Fe 2+x N. The γ´-Fe 4 N phase is poorer in N that the ε-Fe 2+x N phase and this fact also supports the statement that the N layer is deeper in the AISI 316 alloy.
Tribological behavior
The results of conventional reciprocating sliding tribological test and nanoscratch test are presented in this section.
3.3.1. Reciprocating sliding Figure 5 shows typical friction coefficient profiles for untreated samples and for those nitrided at 300 and 500 °C. The serrated-like behavior for the friction coefficient profiles is attributed to a slipstick process due to the roughness (asperities -see Figure 6 ) that modifies that ball-surface contact. Despite the presence of asperities, the nitriding process is observed to reduce the friction coefficient value. The stationary regime for the untreated steels is reached after a sliding distance of ∼2 m and friction coefficients around 0.6. The nitriding process modifies the running-in regime and even for the integrated sliding distance of 9 m, a stationary regime similar to that for untreated samples is not reached. In a previous reported result for AISI 304 nitrided at richer nitrogen atmosphere (N 2 :H 2 -60:40), Foerster et al. 9 reported similar friction coefficient profiles for high working temperatures. Figure 6 shows the SEM images of the tracks, at half length, produced by the ball sliding during tribological tests, for both steels treated at 300 and 500 °C. The surface morphology is similar for both steels treated at 300 °C, with a higher track width when compared to the samples treated at 500 °C. The wear is less pronounced for the highest temperature conditions, a high roughness is also observed, and the asperities are large for AISI 316. Figure 7 shows typical cross-section profiles at the mean track region of the groove produced after the sliding distance of 9 m. For the untreated AISI 304 the groove depth reaches around 2,000 nm while for AISI 316, this depth reaches 5,000 nm. This fact is correlated to the lower hardness profiles in AISI 316 as shown in Figures 3 and 4 . An intensive plastic deformation (pile-up) at the groove border for the untreated condition is observed. The material displacement (pile-up) is due to the ductility of the austenitic structure associated with the mechanisms involved in working hardening after cyclic mechanical deformation. The roughness degree (asperities) that increases by increasing the working temperature can be inferred from the surface profiles obtained by instrumented indentation. The abrasive wear regime with a three-body component is more intense for untreated AISI 304 than for AISI 316 as inferred from the inside groove scars.
Hardness values of about 12 GPa restricted to very shallow region (∼200 nm, see Figure 3 ) are observed for nitriding at 300 °C in both steels. However, a significant reduction in the wear is observed as shown by the groove profiles (Figure 7 ). This reduction is on the order of six times with respect to untreated steels. At the same time, it is observed that the pile-up size (height and width) is drastically reduced when comparing to untreated conditions.
For nitriding temperatures higher than 300 °C, roughness is present at the surface and consequently the actual wear rate cannot be correctly estimated, because the asperities introduce artifacts into the determination of the reference surface. Groove profiles for 400 °C working temperatures are similar in both steels and they are not shown here.
Moreover, the groove depths (400 °C) are similar that for 300 °C nitriding and this means that no additional wear improvement takes place. In Figures 6 and 7 it is possible to observe that the roughness degree at 500 °C is very high. The contact of a large radius hard sphere pressed on a rough surface makes a mechanical deformation on the asperities. The combined effect of mechanical deformation and high hardness reduces the wear, but this effect is difficult to quantify. Initially, wear occurs by smoothing the asperities through a reduction in their height. After that hard precipitates are pulled out producing scars inside the groove by a three-body component mechanism (abrasive wear).
The AISI 316 steel reveals a higher plasticity (high ductility) than AISI 304. The higher content of Ni and Mo presence in AISI 316 may be the origin of this difference, since martensitic phases are more difficult to be induced by the mechanical deformation produced by the ball contact. Figure 8 shows typical tip penetration profiles for untreated samples and for those nitrided at 400 °C. These curves represent the penetration during and after the loading, taking into account the original surface topography for applied ramping load up to 400 mN. In agreement with the tribological tests performed by reciprocating sliding tests (Figure 7) , the untreated AISI 316 has the deepest tip penetration in comparing to the AISI 304, which is attributed to the lower hardness. Despite the similar hardness near the surface, AISI Figure 7 . Groove profiles from tribology reciprocating sliding tests for AISI 304 and AISI 316 samples: untreated, and nitrided at 300 and 500 °C. Note the different depth scales. 316 has lower roughness than AISI 304. Austenitic steels AISI 304 and AISI 316 have maximum hardness around 14 GPa, which is in agreement with literature data, which report surface hardness not surpassing 15-16 GPa for almost all ion nitriding processes. The thickest hard layer is obtained for nitriding process at 500 °C in AISI 316. The wear can be reduced by a factor of six for 300 °C nitriding in both alloys. The wear reduction is similar for treatments at 400 °C. Surfaces treated at 500 °C show high roughness due to the presence of asperities. The sliding process is initially restricted to compacting asperities and after equalizing roughness, wear starts to take place. Due to asperities the wear cannot be measured correctly from groove profiles since the baseline of the original surface is not clearly defined to obtain the difference between the track depth and adjacent surface to measure the worn wear. 316 has lower hardness at depths of 1,000 nm than AISI 304 as shown in Figure 3 .
Nanoscratch tests
The AISI 316 nitrided at 400 °C shows a deeper tip penetration during the scratching, indicating lower hardness as observed in hardness profiles shown in Figures 3 and 4 .
The tip geometry contact for nanoscratch tests is the same as for hardness measurements, but the stress distribution is modified. Plastic deformations are concentrated at shallow depths under regions around the tip edges due to the stress distribution. In contrast, the elastic modulus is similar for all nitriding conditions for thin modified layers, since the elastic field extends for a long distance including the surface layer and large region within the bulk. Consequently the elastic recovery after scratching is more influenced by the bulk than by the elastic properties of the modified layer. During contact, compliance is determined by the combined elastic response of the modified layer and of the bulk.
Conclusion
This investigation of the nitriding process in AISI 304 and AISI 316 steels at 20:80 -N 2 :H 2 atmosphere and working temperatures ranging from 300 to 500 °C showed that a complex modified layer of embedded nitride precipitates is produced in the austenitic matrix at working temperatures higher than 300 °C in both alloys. AISI 316 favor the γ '-Fe 4 N phase as the major contribution while AISI 304 favors the ε-Fe 2+x N phase. In addition, a CrN phase is observed for treatments at 500 °C. In samples nitrided at 300 °C, slightly higher expanded austenite content is present in AISI 316 than in AISI 304. At high working temperatures (T > 300 °C), AISI 
